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Propagation  Study  for  a  Tropospheric  Transhorizon  Radar 


1.  INTRODUCTION 

It  is  of  interest  to  examine  the  possibility  of  detecting  low -altitude  targets  be¬ 
yond  and  within  the  line-of-sight.  It  is  postulated  that  beyond  the  line-of-sight 
propagation  is  achievable  by  several  propagation  mechanisms  involving  the  tropo¬ 
sphere.  The  dominant  transhorizon  propagation  mechanism  is  expected  to  depend 
on  frequency,  distance,  climate,  terrain,  time,  effective  antenna  and  target  heights. 
Considering  these  parameters,  a  loss -quantity  had  to  be  identified  that  could  be 
incorporated  into  the  radar  equation  for  signal-to-noise  ratio  estimates  for  a  given 
set  of  systems  parameters.  The  desired  and  appropriate  loss  quantity  was  recog¬ 
nized  as  being  the  difference  in  dB  between  the  basic  transmission  loss  and  the 
basic  free-space  transmission  loss.  This  difference  in  dB  is  known  as  path  attenua¬ 
tion.  These,  and  other  terms  will  be  defined  shortly.  Both  loss  terms  refer  to 
isotropic  antennas.  Estimates  of  the  expected  path  attenuation.  A,  will  yield  loss- 
values  for  which  it  was  assumed  that  the  antennas  at  both  ends  of  the  path  had  a  gain 
of  unity  (Gt  =  Gr  =  1).  Having  obtained  this  estimate,  the  gain  of  the  receive  antenna 
will  conceptually  be  replaced  by  an  isotropic  target  (G  =  1)  that  possesses  a  cross 
section  a  which  varies  with  frequency.  The  two-way  loss  that  accounts  for  the  re¬ 
turn  signal  at  the  radar  transmitter  would  be  2A  if  A  is  expressed  in  decibels  or 
o 

A  if  A  is  expressed  as  a  ratio.  The  two-way  loss  term  will  appear  in  the  radar 
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equation  containing  the  expected  radar  transmit/ receive  antenna  gains  such  as 
G  =  1000  or  10  log  1000  =  30  dB. 


2.  DEFINITIONS 


Basic  Free -Space  Transmission  Loss  Ly,f  -  In  free  space,  the  transmission 
loss  expected  between  radio  frequency  power  radiated  from  an  ideal  loss -free  iso¬ 
tropic  (G  =  1)  transmitting  antenna  and  the  received  power  available  from  an  ideal 
loss -free  isotropic  receiving  antenna. 

Basic  Transmission  Loss  Ly,  -  Transmission  loss  expected  between  ideal, 
loss -free  isotropic  transmitting  and  receiving  antennas. 

Coherence  Bandwidth*  -  Of  the  fluctuation  fields  of  waves  at  different  fre¬ 
quencies,  with  correlation  determined  at  the  same  time,  that  separation  frequency 
at  which  the  correlation  function  almost  disappears  or  decreases  to  a  specified 
level  (Note:  the  inverse  of  coherence  bandwidth  is  the  lengthening  of  a  pulse  due  to 
a  random  medium). 

Coherence  Time1  -  Of  the  correlation  of  an  output  wave  at  two  different  times, 
the  time  difference  at  which  the  correlation  practically  disappears  or  decreases  to 
a  specified  level.  (Note:  The  inverse  of  coherence  time  is  the  "spectrum  broaden¬ 
ing"  of  a  wave  in  a  random  medium). 

Path  Attenuation  A  -  The  difference  between  basic  transmission  loss  and  basic 

A=Lb 


Lbf  (dB). 


free -space  transmission  loss: 

2 

System  Loss  -  Of  a  radio  system,  the  transmission  loss  plus  the  losses  in 
the  transmitting  and  receiving  antennas,  all  expressed  in  decibel. 

3 

Transhorizon  Propagation  -  Propagation  over  paths  extending  beyond  the 

normal  radio  horizon.  It  may  include  diffraction,  forward  scatter,  specular  and 

diffuse  reflection,  and  ducting. 

2 

Transmission  Loss  L  -  Of  a  radio  link,  the  difference  in  decibel  between  the 
radio  frequency  power  radiated  from  the  transmitting  antenna  and  the  resultant 
radio  frequency  signal  power  that  would  be  available  from  the  receiving  antenna  if 
there  were  no  circuit  losses  other  than  those  associated  with  radiation  resistance. 


1.  Ishimaru,  A.  (1978)  Wave  Propagation  and  Scattering  in  Random  Media,  Vol.  1, 

Academic  Press,  New  York. 

2.  IEEE  Standard  Definitions  of  Terms  for  Radio  Wave  Propagation,  IEEE  Std.  .i 

211-197  7;  IEEE,  New  York,  New  York.  r 

3.  C.  C.  I.  R.  Recommendation  310-3,  Definitions  of  terms  relative  to  propagation 

in  the  troposphere,  XHIth  Plenary  Assembly,  Geneva,  1974,  Vol.  5 
Propagation  in  Non-ionized  Media,  p  63-64. 
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3.  ESTIMATING  PATH  ATTENUATION 


1 


£ 


■  S 


Although  scatter  propagation  may  not  be  the  dominant  mode  for  a  particular 
transhorizon  propagation  path,  transmission  loss  is  frequently  associated  with 
scatter  propagation.  It  was  claimed  that  prediction  methods  for  transmission  loss 
due  to  forward  scatter  are  consistent  with  that  due  to  incoherent  reflections  from 
patchy  elevated  layers  and  agree  with  long-term  median  values  for  "all  available 
data".4  The  choice  of  "all  available  data"  was  not  restricted  to  troposcatter 
propagation  but  included  ducting  and  partial  reflection.  This  must  be  kept  in  mind 
when  using  the  median  scatter  loss  equation.  The  use  of  the  latter  may  be  more 
appropriate  the  longer  the  path  and  the  higher  the  frequency.  For  VHF  and  a  path 
length  of  about  127  km,  scatter  propagation  was  dominant  for  20%  of  the  time.  ® 

Path  attenuation  A  will  be  used  as  a  loss  term  in  the  free -space  radar  equation  to 
make  signal -to -noise  ratio  estimates  for  particular  targets.  This  radar  equation 
contains  the  gains  due  to  directive  antennas  relative  to  free  space.  When  expressed 
in  dB,  path  attenuation  is  the  difference  between  basic  transinission  loss,  L^,  and 
basic  free-space  transmission  loss,  L^,  both  defined  earlier.  Median  path  attenua¬ 
tion,  A (50)  =  -  Lbf.  is  computed  using  the  following  semi -empirical  equation6 

for  the  median  loss  along  tropospheric  paths. 


A(50)  =  10  log1Q  f  -  40  log,n  d  +  F  (0  d)  -  V  (dp)  -  32.  4 


’10 


vhere 


A(50)  is  median  path  attenuation  (dB) 
f  is  frequency  (MHz) 
d  is  distance  between  terminals  (km) 
F  (0 d)  is  attenuation  function 

d-d,  .  -  d.  , • 

e  ■- - kl - kL  =  i-  (rad) 

a  a 

e  e 

a  is  effective  earth  radius  (km) 
dU  "  (2aehte,1/2  (km) 


(1) 


4,  Rice,  P.  L. ,  Longley,  A.G.,  Norton,  K.A.,  and  Barsis,  A.  P.  (1966)  Trans¬ 

mission  Loss  Predictions  for  Tropospheric  Communication  Circuits, 

National  Bureau  of  Standards,  Technical  Note  101,  Vol.  1,  9-1,  revised 
May  1966. 

5,  Toman,  K.  (1952)  An  Investigation  of  Tropospheric  Propagation,  U.  of  Illinois, 

Urbana,  Phd  Thesis. 

6,  Hall,  M.  P.  M,  ( 1979 )  Effects  of  the  T roposphere  on  Radio  Communication, 

Peter  Peregrinus  Ltd.,  IEF  London  and  New  York,  p.  137. 
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dLr  =  (2aehtr)1/2(km) 

h  is  effective  transmitting  antenna  height  (km) 
hrfi  is  effective  receiving  antenna  height  (km) 

V(de)  is  climate  function  (dB) 
do  is  effective  distance  (km). 

Bo*h  the  climatic  correction  V  for  the  path  attenuation  A(50),  as  defined  above, 

as  well  as  percentage  levels  of  variability  q  (p)  relative  to  the  median  were  linked 
4  6  7 

to  effective  distance.  ’  '  This  effective  distance  dg  depends  on  frequency,  distance 
between  terminals,  effective  antenna  heights,  effective  earth  radius.  To  evaluate 
the  effective  distance,  an  arbitrary  reference  distance  drej.  is  introduced.  It  con¬ 
tains  a  frequency  dependent  distance  term  dgj  which  signifies  that  distance  from  the 
radiating  source  where  diffraction  and  forward  'scatter1  transmission  loss  are 

approximately  equal  over  a  smooth  earth.  For  different  frequencies,  this  equality 

-1/3 

is  achieved  at  different  distances  as  dgj  =  300  f  [km).  The  reference  distance 
drej.  is  composed  as  follows:  d  .  -  dgj  >•  d^  +  d^r  [km].  If  it  is  found  that  a 
terminal  distance  d  -  d  one  computes  the  effective  distance  from  d  =130 d/d  f. 
For  d  >  drej.  one  uses  dfi  =  130  +  d  -  drep  The  values  for  V(de>,  usually  published 
in  graphical  form,  can  be  inferred  from  Table  1  for  the  appropriate  climate  zone. 

3.1  Attenuation  Function  F(  0  d) 

The  attenuation  function  F(0d),  which  appeared  in  the  equation  for  path  attenua¬ 
tion,  yields  attenuation  in  dB  as  a  function  of  the  product  of  the  scatter  angle  0  in 
radians  and  the  distance  between  terminals  in  kilometers.  The  geometry  is  illus¬ 
trated  in  Figure  1.  The  scatter  angle  0  =  d‘/a  ,  .vhere  d'is  the  distance  between 
points  at  which  rays  from  the  transmitting  and  receiving  antennas  are  tangents  to 
the  surface  of  the  earth.  As  illustrated  in  Figure  2,  the  attenuation  function  varies 
with  surface  refractivity.  Depending  on  the  magnitude  of  the  product  0d,  F(0d)  can 
be  computed  from  three  mathematical  representations  valid  for  a  surface  refractivity 

N  =  301. 7 
s 

For  0.  01  s  0d  S  10; 

F(0d)  --  135.82  +  0.33  dd  +  30  log1Q  (0d)  (2) 


For  10  s  yd  s  70; 


F(0d)  =  129.5  +  0.  212  0d  +  37.5  log1Q  (/d)  (3) 


7.  C.C.I.R.  Report  244-1,  Estimation  of  tropospheric-wave  transmission  loss. 
Documents  of  the  Xlth  Plenary  Assembly,  Oslo,  (1966)  Vol.  1,  Propagation; 
po.  143-167. 
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Figure  1.  Curved-earth 
Geometry  for  Transhorizon 
Propagation  Between 
Elevated  Antennas 


Figure  2.  Attenuation 
Function  F(0d),  in  dB, 
Parametric  in  Surface 
Refractivity,  as  a  Function 
of  the  Product  0d.  0  is  the 
scatter  angle  in  radians 
and  d  is  the  distance  between 
terminals  in  kilometers 


W  91  «  &5  I  2  J  10  »  SO  100  WO  WO  1«0 


For  0d  >  70: 


F(0d)  =  1  19.2  +  0.  157  0 d  +  45  log1Q  (0d) 


For  Ng  i  301,  the  function  F(0d)  may  be  obtained  by  a  modifying  equation 


F(0d,  Ng)  =  F(0d,  Ng  =  301)  -  [0.  1  (Ng  -  301)  exp  -  0d/4O] 
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Table  1.  Look-up  Table  for  V(d  ) 
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From:  C. C- !•  R.  report  238-2,  Vol.  5,  Geneva  1974. 


Eq.  (2)  is  useful  for  all  values  of  the  asymmetry  parameter  s  =  aQlf}  illustrated 
in  Figure  3.  For  0d  >  10,  Eq.  (3)  is  limited  to  0. 7  -  s  -  1.0. 


O 

The  F(0d)  functions  were  said  to  be  use!  il  for  'most  land-based  scatter  links'. 
Some  of  the  following  computations  were  made  for  a  continental  temperate  climate 
(#6)  over  a  land  path.  Others  were  made  for  a  maritime  temperate  climate  over 
a  sea  path  (#7b)  using  the  above  F(0d)  equations.  For  the  latter  type  of  propaga¬ 
tion  path,  a  frequency  dependent  g(f)  -  factor  that  modifies  the  variability  estimates 
g 

appears  to  be  lacking.  In  these  computations  it  was  assumed  for  climate  #7b 
that  g(f)  =  1. 

Figure  4  illustrates  the  two-way  median  path  attenuation  in  dB  relative  to  free 

space  for  a  continental  temperate  climate  (#6)  as  a  function  of  frequency  (10  to 

1000  MHz)  and  distance  (100,  200.  300,  1000  km).  For  d  =  100  km,  a  38  dB  height 

gain  is  achieved  by  elevating  both  antennas  from  h^  =  hf  =  0  to  100  m. 

The  expected  path-attenuation  variability  relative  to  A  (50)  depends  on  effective 

distance  and  climate.  The  variability  of  transmission  loss  and  its  variation  with 

effective  distance  is  usually  plotted  as  a  family  of  curves  for  selected  percentages 

of  q  which  indicates  the  percentage  in  time  that  a  particular  level  relative  to  the 

median  is  exceeded.  For  a  range  of  effective  distances  10  £  d  s  300  km.  Tables 

9  e 

2,  3,  and  4  were  prepared  from  curves  for  a  maritime  temperate  climate  #7b. 


8.  Rice,  P.  L. ,  Longley,  A.G.,  Norton,  K.  A. ,  and  Barsis,  A.  P.  (1966) 

Trans  mission  Loss  Predictions  for  Tropospheric  Communication  Circuits, 
National  Bureau  of  Standards,  Technical  Note  101,  Vol.  2,  111-24,  ~ 

revised  May  1966. 

S,  C.  C.  I.  R.  Report  238-2.  Propagation  data  required  for  trans -horizon  radio  - 
relay  systems,  XIII  Plenary  Assembly,  Geneva,  (1974)  Vol.  V,  Propagation 
in  Non -Ionized  Media,  pp  209-229. 
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Over  a  sea  path,  the  range  of  variation  between  the  1  %  and  99%  level  can  amount 
to  24  dB  at  d  =  100  km  and  54  dB  at  d  =  200  km. 


Figure  4.  For  Tropospheric  Transhorizon  Propagation,  the  Two-way  Median 
Path  Attenuation,  in  dB,  Relative  to  Free  Space  as  a  Function  of  Frequency, 
Parametric  With  Distance  for  Pairs  of  Equal  Antenna  Heights,  Standard 
Refraction,  and  Continental  Temperate  Climate 


Figure  5  illustrates  the  effects  of  attenuation  variability  for  a  maritime 

temperate  climate  on  signal-to-noise  ratios  for  a  ground-based  radar  (h^  =  0) 

looking  at  a  ground-based  target  (li  =  0)  100  km  away  that  has  a  constant  scatter 
2  1 

cross  section  a  =  17  m“.  Although  details  of  Figure  5  will  be  discussed  in  the 
following  section,  the  signal-to-noise  ratio  percentage  contours  of  availability  in 
time  suggest,  for  example,  that  on  the  99%  level,  more  than  18  dB  increase  in 
S/N  is  needed  at  40  MHz  to  detect  a  17  m”  target  at  d  =  100  km  99%  of  the  time. 


14 


In  Appendix  A,  a  computer  produced  set  of  five  plots  illustrates  for  distances 
of  100,  150,  200,  250,  300  km,  the  two-way  loss  in  dB  as  a  function  of  frequency 
for  a  maritime  climate  over  sea  water  (#7b).  Each  curve  corresponds  to  pairs 
of  equal  antenna  heights  h  =  h  =0.  001,  0. 1,  1. 0  km  with  symbols 
respectively.  The  effective  earth  radius  is  ag  =  8504  km,  referring  to  a  surface 
refractivity  of  Ng  =  301.  Missing  curves  for  h^  =  h^  =  1. 0  km  indicate  line-of- 
sight  condition. 

In  Appendix  B,  a  computer  produced  set  of  three  plots  illustrates  the  two-way 
loss  in  dB  as  a  function  of  distance  for  climate  # 7b,  parametric  in  frequency 
f=  10,  40,  100,  200,  500,  1000  MHz. 


Table  2.  Look-up  Table  for  Path-Attenuation  Variability:  Maritime  Temperate 
(7b)  Climate  Over  Sea  Path  (10  £  dQ  -  100  km) 


A  (q) 

=  A  (50) 

-Yo 

(q) 

d  (km) 
e 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

q 

% 

These  numbers  represent  Yq 

(q)  in  dB 

0.01 

0.5 

1.  2 

2.4 

3.  8 

5.5 

8.  5 

10 

14 

17 

22 

0.  1 

0.  3 

1 

2 

3 

4 

6 

9 

11 

14 

17 

1 

0.  2 

0.  5 

1.5 

2.  3 

3.0 

5 

7 

8.  5 

10 

13 

10 

0.  1 

0.  2 

0.  5 

1 

1.  2 

2 

3.5 

4 

5 

6 

50 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

90 

-0.  05 

-0.  15 

-0.  2 

-0.  5  - 

0.  8 

-1.  1 

-1.  9 

-2.5 

-4 

-5.5 

99 

-0.07 

-0.  2 

-0.  5 

-1 

2 

-3 

-5 

-7 

-9 

-11 

99.  9 

-0.  09 

-0.  3 

-0.8 

-1.5  - 

3 

-4.  5 

-6 

-10 

-13 

-16 

99.  99 

-0.  1 

-0.  5 

-1 

-2 

4 

-6 

-9 

-13 

-17 

-20 
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Table  3.  Look-up  Table  for  Path-Attenuation  Variability:  Maritime  Temperate 
(7b)  Climate  Over  Sea  Path  (110  -  dg  £  200  km) 


A  (q)  = 

A  (50)  -  Yq 

(q) 

de(km) 

110 

120 

130 

140 

150 

160 

170  180 

190 

200 

q 

These  numbers  represent  Y_ 

(q)  in  dB 

% 

0.01 

25 

29 

33 

37 

41 

45 

48  50 

52 

53 

0.  1 

20 

23 

26 

29 

32 

35 

38  41 

43 

45 

1 

16 

19 

22 

24 

26 

27 

28  29 

30 

31 

10 

7.5 

9 

10 

10.5 

11 

11.5 

12  13 

14 

14.5 

50 

0 

0 

0 

0 

0 

0 

0  0 

0 

0 

90 

-7.5 

-9 

-10 

-10.  8 

-11.5 

-11.8 

-12.2  -12.6 

-13 

-13.3 

99 

-14 

-17 

-18 

-19.  5 

-20.5 

-21 

-21.5  -22.3 

-22.8 

-23.5 

99.9 

-19 

-22 

-25 

-26.  2 

-27.3 

-28 

-29  -30 

-30.6 

-31 

99.  99 

-22.5 

-25 

-28 

-31 

-33 

-33 

-34.6  -35.5 

-36 

-37 

Table  4.  Look-up  Table  for  Path-Attenuation  Variability:  Maritime  Temperate 
(7b)  Climate  Over  Sea  Path  (210  *  d,  s  300  km) 


A  (q)  =  A  (50)  -  Y 

o(q) 

de0:m) 

210 

220 

230 

240 

250 

260 

270 

280 

290 

300 

q 

% 

These  numbers  represent  YQ 

(q)  in  dB 

0.01 

54 

54.4 

54.  8 

55.  2 

55.5 

55.5 

55.  2 

54.  8 

54.4 

54 

0.  1 

45.  2 

45.4 

45.6 

45.  8 

46 

45.8 

45.6 

45.4 

45.2 

45 

1 

31.  2 

31.4 

31.6 

31.  8 

32 

31.  9 

31.6 

31.  2 

30.9 

30.5 

10 

14.6 

14.7 

14.  8 

14.9 

15 

15 

14.8 

14.5 

14.  2 

13.8 

50 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

90 

-13.8 

-14 

-14 

-13.  8 

-13.5 

-13.4  - 

13.  3 

-13.2 

-13. 1 

-13 

99 

-23.9 

-24.3 

-24.6 

-25 

-25 

-24.6  - 

24.  1 

-23.7 

-23.3 

-23.  2 

99.  9 

-31.3 

-31.6 

-31.  9 

-32.  2 

-32.5 

-32.3  - 

31.8 

-31.5 

-31.  2 

-31 

99.  99 

...  . 

-38 

-39.  2 

-39.2 

-39.  1 

-39 

-38.5  - 

38 

-37.6 

-37.3 

-37 

-38.5  -38 


-37.6  -37.3  -37 


CD 
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2 

N. 

< n 


f  (MHz) 


d  =  100  km 
2 

cr=  17m  (constant) 


hf=hr  =0 


V0<q) 


FOR  MARITIME 
CLIMATE  (7b) 


g(^)  =  l(ASSUMED) 
P,=I06W 
G,=  Gr--I03 


B  =  l  Hz 


k=4/3 


Figure  5.  For  Tropospheric  Transhorizon  Propagation, 
the  Signal-to-Noise  Ratio,  in  di3,  Available  at  a  Mono- 
static  Radar  From  a  Target,  as  a  Function  of  Frequency, 
With  Frequency  Independent  Scattering  Cross  Section. 
a  =  17  m2  assuming  median  (50%)  loss  and  1,  10,  90, 

99%  predicted  variability  with  indication  of  the  effect  of 
equivalent  maximum  and  minimum  galactic  noise  tempera¬ 
ture  (shaded),  d  =  100  km,  ht  =  h^  =  0,  variability  for 

maritime  climate  (#7b)  assuming  g(f)  =  1,  transmitted 
power  P  -  lO*5  W,  G  =  G  =  10^,  B  =  1  Hz,  standard 
refraction  (k  =  4/3;  ae  =  8%04  km) 


i 


4.  SIGNAL-TO-NOISE  RATIO 


In  the  free -space  radar  equation,  the  received  power  P  ,  which  is  synonymous 
to  a  signal  S,  is  the  result  of  a  product  of  three  terms.  The  first  term  yields  the 
power  density  at  a  distance  d  from  the  radar  transmitter  where  a  target  is  en¬ 
countered  with  a  scattering  cross  section  0.  In  the  second  term,  the  gain  of  the 
scatterer  is  assumed  as  unity;  the  scattered  power  is  then  radiated  isotropically 
and  yields  the  power  density  at  a  receiving  location  d  kilometers  from  the  target. 
The  third  term  signifies  the  effective  area  of  the  receiving  antenna. 


P 

r 


(6) 
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A  tropospheric  transhorizon  detection  capability  is  related  to  tropospheric 
inhomogeneities  which  deflect  the  incident  signal.  In  the  process  of  deflection,  the 
signal  encounters  a  loss.  In  the  radar  equation,  the  square  of  a  loss  term  A  is 
introduced.  A  is  called  path  attenuation  and  its  assessment  was  described  above. 

Noise  power  depends  on  the  effective  temperature  T  (°K)  of  an  antenna  receiving 
galactic  noise,  the  receiver  bandwidth  B(Hz)  and  the  receiver  noise  figure  F. 10  If 
signal  detection  within  the  receiver  is  achievable  when  the  signal  power  is  twice 
the  noise  power,  it  follows  that  F=  2,  which  corresponds  to  a  noise  figure  of  3  dB. 
For  a  receiver  noise  figure  of  10  dB,  the  signal  power  has  to  be  ten-times  the 
noise  power  for  detection.  Based  on  the  above,  the  equation  for  the  signal-to-r.oise 
ratio  can  be  written  as  follows: 

,2 

(7) 


G  a 
r 


Pt  Gt 

S/N  - - rVV 

(4n)  d*  A*  k  TB  (F-l) 


where 


a 

A 

d 

A2 

k 

T 

B 

F 


s  transmitter  power  (VV) 
s  transmitting  antenna  gain 
s  receiving  antenna  gain 

2 

s  scattering  cross  section  of  target  (m  ) 
s  wavelength  (m) 
s  distance  between  terminals  (m) 
s  two-way  path  attenuation 
s  Boltzmann's  constant  (1,38  X  JO"*1  J/°K/Hz) 
s  effective  temperature  of  an  antenna  receiving 
galactic  noise  (°K) 
is  receiver  bandwidth  (Hz) 
is  receiver  noise  figure 


Regarding  the  numerical  values  to  be  used  for  the  equivalent  temperature  in 
the  equation  for  S/N,  it  was  assumed  that  the  controlling  influence  is  due  to  galactic 
noise.  *  ’  This  assumption  is  probably  reasonable  in  the  VHF  band  if  man¬ 

made  noise  can  be  minimized  when  siting  a  radar.  At  frequencies  above  0.7  GHz, 
noise  due  to  radiation  from  the  atmosphere  is  likely  to  exceed  the  galactic  noise 
level10  particularly  for  low  elevation  angles  for  which  the  equivalent  atmospheric 
temperatures  could  be  larger  than  galactic  temperatures  by  a  factor  of  3  at  1  GHz 
and  100  at  4  GHz.  For  selected  frequencies  of  interest.  Table  5  provides  look-up 
values  for  galactic  noise  equivalent  maximum  and  minimum  temperatures. 


(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page  29. ) 
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Table  5.  Look-up  Table  for  Galactic  Noise:  Equivalent 
Temperature  (Effective  temperature  of  an  antenna 
receiving  galactic  noise) 


Frequency 

Wavelength 

Temperature 

Maximum 

f 

A 

"^min 

T 

max 

(MHz) 

(m) 

°K 

°K 

10 

30 

105 

5  X  105 

40 

7.5 

7000 

5  X  !04 

3.  0 

800 

7000 

■Kite 

1.5 

125 

1600 

rni'k\ 

0.6 

8 

190 

1000 

0.  3 

3 

35 

Sources:  Baghdady  1961 

David  &  Voge  1969 
C.C.I.R.  Rep.  342-2 
Kraus  &  Ko  (May  1957) 


For  a  median  path  attenuation  typical  of  a  continental  temperate  climate  (#6). 
the  S/N  equation  was  used  to  illustrate  in  Figure  6  the  effect  of  three  different 
target  characteristics  and  min/max  noise  temperatures  on  the  behavior  of  S/N  with 
frequency.  The  following  values  were  used:  Distance  between  terminals  d  =  100  km: 
effective  antenna  heights  ht  =  h{>  =  0;  transmitter  power  P  =  1  MW;  antenna  gains 

G.  =  G  =  1000;  receiver  bandwidth  B  =  1  Hz,  effective  earth  radius  a  =  8504  km 

‘  r  14  e 

corresponding  to  a  surface  refractivity  of  Ng  =  301.  Computations  were  per¬ 
formed  for  min/max  noise  temperatures  of  Table  5  and  for  three  types  of  target 

2 

cross  section  a:  (a)  a  =  17  m  is  independent  of  frequency,  (b)  o  is  due  to  a  metal 

2 

sphere  with  a  diameter  of  2.4  m  which  is  resonant  at  40  MHz  when  a  =  17  m  ,  lc) 

the  target  is  represented  by  a  resonant  dipole  with  a  scatter  cross  section 
2 

o  =  0. 7  A  .  In  this  particular  example  a  systems  parameter  ratio  can  be  computed 
P  G,  Gf  j2 

as  SPR  =  g  =  10  .  If  different  systems  parameters  are  used  resulting, 

for  example,  in  a  ratio  of  10^,  the  curves  of  Figure  6  could  simply  be  lowered  by 
50  dB  (10  log  10^/10^),  or  the  dashed  line  for  S/N  =  0  could  be  raised  to  50  dB. 

For  this  case,  all  targets  would  be  undetectable  for  maximum  galactic  noise  over 
the  displayed  frequency  band. 

14.  Panter,  P.F.  (1972)  Communication  Systems  Design,  Line-of-Sight  and 
Troposcatter  Systems,  McGraw-Hill  Book  Co. ,  New  York. 


A  (m) 


30 


7.5 


1.5 


0.3 


d»IOOkm 
ht*hr*0 
.  cr*!7m2 

,<J.  METAL SPHERE 
(DIAMETER' 2.4m) 

,<T  -0.7X2 

P,  ■  I06  W 
GfGf'IO3 
B  *  I  Hz  (BANDWIDTH) 
k  ■  4/3  (a,*  8304  km) 


Figure  6.  For  Tropospheric  Transhorizon  Propagation,  the 
Signal-to-Noise  Ratio,  in  dB,  Available  at  a  Mono-static 
Radar  From  Three  Different  Types  of  Targets,  as  a  Function 

of  Frequency,  (a)  ir  =  17  m2,  (b)  o  due  to  metal  sphere  of 
2.  4  m  diameter,  (c)  o  =  0.  7  A2;  d  =  100  km,  h^=  h^  =  0, 
median  loss  for  temperate  climate  #6;  P^  =  10  W, 

G{  =  G(i  -  103,  B  =  1  Hz,  standard  refraction  (k  =  4/3; 
aQ  =  3504  km);  maximum  and  minimum  galactic  noise 
temperature 


ll 2 * * * * * * 9 

For  the  same  systems  parameter  ratio  of  10  “,  climate  # 6  and  min/max 

2 

galactic  noise,  but  for  a  composite  scatter  cross  section  wither  =  17  m  (constant) 

**4 

for  f  ^  40  MHz  and  an  assumed  A  dependence  to  estimate  cr  at  10  MHz,  Figure  7, 

illustrates  for  median  path  attenuation  the  signal-to-noise  ratio  variation  with  fre¬ 
quency,  for  three  distances  and  several  effective  transmitting  and  receiving  an¬ 
tenna  height  combinations.  The  computations  were  made  at  10,  40,  200  and 

1000  MHz.  Intermediate  values  were  visually  interpolated.  If,  at  d  =  100  km,  both 

antenna  heights  aie  elevated  from  h^  =  h^  =  0  to  hf  =  =  100  m,  a  gain  of  35  dB 

is  achieved.  The  height  gain  would  be  only  15  dB  if  one  antenna  remains  at  h  =  0. 
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This  is  illustrated  for  d  =  100  km  at  f  =  40  MHz  where,  starting  at  the  S/N  value 

for  the  cosmic  noise  minimum,  h.  remains  zero  while  h  =  0,  20,  50,  100,  200  m. 

t  r 


Figure  7.  For  Tropospheric  Transhorizon  Propagation,  the 
Signal-to-Noise  Ratio,  in  dB,  Available  at  a  Mono-static  Radar 
From  a  Composite  Target.  Target  is  with  oa\"4  forf  <  40  MHz 
and  a  =  17  m^  (constant)  for  f  -  40  MHz,  parametric  in  distance, 
height  including  asymmetry  conditions;  median  loss  for 
temperate  climate  #6;  the  shaded  width  of  curves  signifies 

0 

minimum  and  maximum  noise  temperature.  =  10  W, 

=  Gr  =  103,  B  =  1  Hz,  standard  refraction  (k  =  4/3; 
ae  =  8504  km) 


While  these  computations  were  performed  on  a  desk  calculator,  a  compre¬ 
hensive  set  of  computer  produced  plots  is  given  in  Appendices  C  to  F.  These 
computer  generated  results  were  obtained  for  a  maritime  temperate  climate  #7b. 

To  avoid  an  overcrowding  of  curves,  results  were  plotted  only  for  maximum  galactic 
noise  temperatures.  The  minimum  noise  temperature  raises  S/N  by  about  10  dB 
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above  that  for  T  _  .  Distances  range  from  100  to  300  km  in  50  km  increments, 
max 

Transmitting  antenna  heights  were  judiciously  limited  to  0. 001,  0. 1,  and  1. 0  km. 
Eleven  receiving  antenna  heights  were  chosen  in  0.  05  km  height  increments  starting 
at  zero.  The  missing  of  data  points  for  large  antenna  heights  is  related  to  approach¬ 
ing  or  achieving  line-of-sight  propagation  which  makes  the  scattering  angle  small, 
zero  or  negative.  Table  6  illustrates  the  line-of-sight  distances  between  elevated 
antennas  computed  for  an  effective  earth  radius  ag  =  8504  km.  These  distances 
may  be  compared  with  the  combinations  of  antenna  heights  and  distance  of  the  com¬ 
putations.  In  Appendix  C,  using  the  median  loss  A  (50)  in  the  radar  equation,  the 
signal-to-noise  ratio  (dB)  is  plotted  as  a  function  of  frequency  for  fixed  distances, 
transmitting  antenna  heights,  and  a  combination  of  receiving  antenna  heights. 


Table  6.  Line-of-Sight  Distances  d  (km)  Between  Elevated  Antennas,  Computed 
for  a  Curved  Earth  of  Radius  a  =  8504  km. 


0 

0.001 

0.01 

0.1 

0.5 

hr  (km) 

1.0  2.0 

3.0 

4.0 

5.0 

6.0 

10.0 

0 

0 

4 

13 

41 

92 

130 

184 

225 

260 

291 

319 

412 

0.  001 

4 

8 

17 

45 

96 
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In  Appendix  D,  the  variability  in  S/N  is  illustrated  for  similar  conditions  as 
were  employed  before,  except  h^  and  h^  were  made  to  be  equal  in  pairs  of  values 
0.001,  0. 1,  1.0  km,  while  q  values  varied  from  1,  10,  50,  90,  99%  of  signal-to- 
noise  level  availability.  The  extent  of  variability  was  found  to  vary  with  distance. 
Increased  availability  of  a  detectable  signal  in  percent  of  time  requires  system 
parameter  adjustments.  If  for  example,  at  40  MHz  and  for  d  =  250  km,  a  50% 
availability  of  a  detectable  signal  is  to  be  raised  to  a  99%  availability,  the  system 
parameter  ratio  would  need  to  be  increased  by  50  dB. 
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For  the  indicated  system  parameters,  scattering  cross-sections,  antenna 
heights,  and  median  loss  for  a  maritime  climate.  Appendix  E  displays  the  varia¬ 
tion  of  S/N  with  distance  parametric  in  frequency.  For  f  -  40  MHz,  the  scattering 

2 

cross  section  varies  with  wavelength  as  cr  =  0. 7  X  .  For  f  <  40  MHz,  0  is 
assumed  to  vary  approximately  with  X"^.  Because  of  this  choice  for  cr(f),  the 
signal-to-noise  ratio  is  largest  at  40  MHz. 

In  Appendix  F  the  set  of  plots  for  probabilities  q  ( 1,  10,  50,  90,  99%)  is  similar 
to  those  of  Appendix  D  except  the  signal-to-noise  ratio  is  plotted  as  a  function  of 
distance  instead  of  frequency.  Each  set  of  curves  corresponds  to  one  frequency. 
This  frequency  is  identified  in  the  Input  Data  underneath  the  transmitter  power  P^. 


5.  AVAILABLE  BANDWIDTH  AND  COHERENCE  TIME 

Over  a  tropospheric  propagation  path,  signal  fading  may  be  correlated  with 

movements  in  the  atmosphere.  These  movements  may  be  due  to  a  mean  wind 

velocity,  especially  when  the  fading  rate  is  fast.  While  the  fading  period  may 

intermittently  limit  the  duration  of  signal  reception,  bandwidth  limitations  are 

imposed  by  path  delay  times  which  when  received  by  an  FM  receiver,  will  introduce 

in  the  output  from  the  receiver  baseband  an  intermodulation  noise.  The  level  of 

this  noise  depends  not  only  on  actual  delay  involved  but  also  on  the  width  of  the 

transmitted  spectrum.  The  maximum  baseband  width  f  (max)  =  0.  22 /r  where  t 
14  *** 

is  the  echo  time  delay.  Since  path  delays  on  troposcatter  circuits  are  larger  for 

broader  antenna  beams,  the  longest  path  delays  can  be  reduced  and  the  available 

bandwidth  be  increased  by  using  high-gain,  narrow-beam  antennas. 6  Tentative 

estimates  for  the  usable  frequency  band  as  a  function  of  range  and  free-space 

15 

antenna  gains  (25  dB  -  G  -  55  dB)  were  derived  from  l  to  2  GHz  test  links  as 

illustrated  in  Figure  8.  Bandwidth  formulas  for  very  narrow  and  broad  antenna 

1 6 

beams  have  been  derived.  Using  the  formula  for  a  broad  antenna  beamwidth  of 
5°  and  assuming  d  =  300  km  for  a  tropospheric  scattering  circuit,  an  available 
bandwidth  of  4  MHz  is  obtained.  This  bandwidth  implies  a  differential  delay  in 
transmission  of  about  1  microsecond.  Relatively  large  values  for  bandwidth  are 
also  predicted  in  Figure  8, 

While  the  differential  delay  limits  the  rate  of  data  transmission,  the  coherence 
time  of  a  transmission,  which  may  differ  from  the  fading  period,  places  limits  on 
phase  coherent  integration  which  may  be  needed  if  the  signal  requires  enhancement 


15.  Picquenard,  A.  (1974)  Radio  Wave  Propagation,  A  Halstead  Press  Book, 

John  Wiley  &  Sons,  New  York,  p.  298. 

16.  Gerks,  I.  H.  (1955)  Factors  affecting  spaeings  of  radio  terminals  in  a  UHF  link, 

Proc.  IRE  43(10):  1290- 1297. 
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for  detection.  For  a  tropospheric  transhorizon  transmission,  the  coherence  time 
could  be  estimated  from  backscatter  observations  of  turbulence  in  the  troposphere 
and  stratosphere  made  with  the  sunset  radar.  This  coherence  time  is  likely  to 
vary  with  meteorological  conditions  along  a  propagation  pa!h,  The  AO.  76  MHz 
backscatter  radar  observations  of  atmospheric  irregularities  between  4  and  19  km 
altitude  showed  Doppler  velocity  spectral  widths  ranging  from  1  to  2  Hz  which 
could  be  interpreted  in  terms  of  a  1/2-  to  1-sec  ■\<herence  time.  For  oblique  trans¬ 
missions,  coherence  times  may  be  of  the  same  order  of  magnitude.  They  may  vary 
with  time,  depending  on  the  meteorological  condition  and  the  propagation  mechanism. 


Figure  8.  Tentative  Estimate 
of  the  Usabl-»  Frequency  Band 
of  a  Tropospheric  Transhorizon 
Propagation  Link  as  a  Function 
of  Range  for  Several  Values  of 
Free-space  Antenna  Gains. 
(Sources  A.  Picquenard 
"Radio  Wave  Propagation" 

John  Wiley  &  Sons, 

New  York,  1974) 
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6.  CLUTTER  FACTOR 


The  clutter  factor  method  appears  to  be  used  ih  the  equation  for  the  trans- 
mission  factor  applicable  to  terrestrial  line-of-sight  paths.  The  equation  for  the 
transmission  factor  K  is: 


K  = 


1_ 

L 


P 


-  =  G,  G 


P 


(8) 


where 


hf  hr 

GfGr 


d 

P 


is  transmission  loss 
is  antenna  heights 
is  antenna  gains 
is  received  power 
is  transmitted  power 
is  distance 

is  clutter  factor  ($<  1)  . 


The  clutter  factor  f)  includes  the  losses  relative  to  a  smooth  plane  earth  due 
to  terrain  irregularities,  buildings  and  trees  causing  shadowings,  absorption  and 
scattering  of  the  radio  energy.  Figure  9  shows  the  clutter  factor  dependence  on 
frequency.  6  For  a  rural  area,  the  clutter  factor  0  approaches  unity  at  40  MHz. 


7.  CONCLUSION 

Losses  due  to  path  attenuation  along  tropospheric  transhorizon  propagation  paths 
have  been  estimated  using  prediction  methods  available  in  the  open  literature.  Some 
of  the  estimates  were  made  for  a  continental  temperate  climate  over  a  land  path  and 
for  a  maritime  temperate  climate  over  a  sea  path.  The  product  of  distance  and 
scatter  angle  was  the  input  for  computing  the  attenuation  function  for  a  particular 
value  of  surface  refractivity.  Combined  with  other  terms  including  distance  and 
frequency,  the  two-way  path  attenuation  was  evaluated.  This  value  was  entered  into 
the  radar  equation.  Effective  antenna  noise  temperatures  were  assumed  to  be  of 
galactic  origin.  For  selected  system  parameters  of  radiated  power,  antenna  gains, 
bandwidth,  receiver  noise  figure,  and  specified  target  cross-sections,  signal -to- 
noise  ratios  were  computed  and  plotted  for  up  to  six  frequencies  (10  to  1000  MHz), 
nine  distances  (50  to  1000  km),  a  combination  of  three  transmitting  antenna  heights 
(0.001,  0.  1,  1.0  km)  and  up  to  eleven  receiving  antenna  (target)  heights  (zero  to 
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0,5  km  in  0,05  km  increments).  In  these  computations,  the  lowest  possible  eleva¬ 
tion  angle  of  a  ray  originating  from  the. transmitting  antenna  was  used,  thus  mini¬ 
mizing  the  loss  rate  in  dB/km  of  distance.  If  the  elevation  angle  of  an  antenna  beam 
above  horizontal  adds  to  1*  or  2*,  an  increase  in  the  loss  rate  by  about  0.  05  dB/km 
can  be  expected.  For  the  signal -to-noise  ratio  computations  contained  in  Appendices 
C  to  F,  a  systems  parameter  ratio  (SPR)  =  (PtGtGr/B(F-l),was  chosen  as  1012. 


A 


Figure  9.  Variation  of  Clutter  Factor  p  With  Frequency 
Derived, From  Experimental  Studies  and  From  C.C.I,  R. 
(Comite' Consultatif  International  des  Radiocommunications) 
Predictions.  (Source:  M.  P.M.  Hall,  "Effects  of  the 
Troposphere  on  Radio  Communication",  Peter  Peregrinus, 
Ltd.  1EE  London  and  New  York,  1979) 


Under  the  assumptions  made,  the  ordinate  scale  characterizes  the  detectability 

of  a  target  for  the  specified  frequency  dependent  cross-section.  Thus,  for  other 

values  of  SPR  (or  of  the  product  of  SPR  and  o)  a  simple  scale  adjustment  can  be 

12 

made  by  computing  the  ratio  oMhe  new  SPR  to  ,10  ,  taking  the  iog10  of  this  ratio, 
multiplying  by  10.  If  the  resulting  number  is  negative  (for  example  -  50  dB),  the 
dashed  line  corresponding  to  S/N  =  0  dB  is  moved  in  the  direction  of  positive  dB 
values  (for  example,  to  +  50  dB).  The  charts  lend  themselves  also  to  the  selection 
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of  other  information  such  as  maximum  , range  of  detection  as  a  function  of  SPR,  o, 
h,,  h  ,  d,  a  ,  V{d  ),  depending. on  the  choices  appropriate  for  the  terrain,  climate, 
receiver  noise  figure,  man-made-noise  level,  antenna  beam  widths,  and  so  on.  It 
is  also  possible  to  infer  the  expected  loss  rate  in  dB/km  or  dB/MHzras  a  function 
of  distance  and  antenna  heights.  Height-gain  effects  are  distance  dependent.  At 
larger  distances,  the  rate  of  change  of  height-gain  tends- to.  increase  more  markedly 
at  larger  heights,  whereas,  at  shorter  distances  from  the  transmitting  antenna,  it 
increases  more  markedly  at  lower  heights.  It  should  be  remembered  that  the  lines 
connecting  the  computed  points  represent  interpolations,. 


8.  RECOMMENDATIONS 

S/N' ratio  computations  were  made  for  the  lowest  possible  elevation  angle  over 
a  smooth  earth.  In  practice,  elevation  angles  may  be  several  degrees  above  the 
horizontal.  If  scatter  is  the  dominant  propagation  mode,  the  scatter  angle  would 
increase  and  with  it  the  path  attenuation.  Terrain  features,  which  necessitate  the 
use  of  several  degrees  in  elevation  angle  of  the  antenna  beam,  should  be  avoided. 

Since  the  loss  prediction  method  used  in  this  report  was  derived  from  trans- 
horizon  data  involving  all  possible  propagation  mechanisms,  a  large  variability 
in  signal  strength  is  to  be  expected.  If  scattering  from  tropospheric  irregularities 
is  the  preferred  mode  of  propagation,  perhaps  because  of  a  possibly  permanent 
presence  of  such  irregularities  in  the  troposphere,  and  if  this  particular  type  of 
mode  is  to  be  further  exploited  because  of  this  permanence,  some  thought  should  be 
given  to  the  planning  of  an  experiment  that  maximizes  the  scatter  mode.  Then,  it 
may  be  possible  to  relate  theoretical  predictions  for  scatter  propagation  to  the 
experimental  data  which  maximize  the  mode  predicted  by  this  theory.  On  the  other 
hand,  one  may  also  wish  to  consider  utilizing  for  the  detection  of  targets  any  mode 
that  happens  to  be  dominant. 

From  the  point  of  view  of  a  large  data  rate  and  available  bandwidth  of  which  the 
latter  is  controlled  by  the  differential  delay  of  the  transmission  incurred  in  scatter 
propagation,  it  may  be  advantageous  to  search  for  optimum  frequencies  making  a 
compromise  between  bandwidth  and  loss.  Extremely  high  antenna  gains  which 
minimize  the  differential  delay  and  maximize  the  available  bandwidth,  are  best 
achieved  for  the  highest  frequency.  Propagation  losses  are  minimized,  however, 
the  lower  the  frequency.  Other  limiting  factors  will  be  the  temperature  of  the 
atmosphere  at  the  upper  UHF  frequencies,  and  the  electromagnetic  noise  power  at 
lower  HF/VHF.  Moreover,  the  frequency  characteristic  of  the  cross  section  of 
targets  may  also  be  a  determining  factor  in  the  optimal  choice  of  operating  frequency. 
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Appendix  F 

EightMn  Plots  of  Signal-to-Noisa  Ratio  (dB) 
vs  Distanoa  (km)  for  1  to  99%  Loss  Variability 
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of 

Rw.ie  Air  Development  Center 

RAOC  plans  and  executeA  research,  development,  test  and 
selected  acquisition  programs  in  support  ofi  Command,  Control 
Communications  and  ln.tctUge.ncc  (CU )  activities .  Technical 
and  engineering  s uppo-at  uilthin  areas  ufi  technical  competence 
La  provided  to  BSD  Program  Prices  ( P06 )  and  other  ESP 
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communication!) ,  electromagnetic  guidance  and  control,  sur¬ 
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physics  and  electronic  reliability,  maintaiisib-ility  and 
compatibility. 
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